1. Introduction {#s0005}
===============

The secretion of the hormone melatonin is under circadian control via a multi-synaptic pathway between the suprachiasmatic nucleus (SCN) and the pineal gland ([@bib29], [@bib41]). In humans, the rhythm of melatonin is the most robust marker for assessing the timing of the internal biological clock ([@bib32], [@bib4]). Although understanding of the circadian timing system in adolescents and adults is rapidly increasing ([@bib16], [@bib17], [@bib30], [@bib26]), basic fundamental knowledge of the circadian system in early childhood remains relatively scarce. Consistent with findings in adolescents and adults, our recent study revealed large inter-individual variability in the circadian timing of children ages 2.5--3.0 years (\~3.5 h) ([@bib33]). Although light exposure and sleep timing may contribute to this observed variability in circadian phase, little is known about such links in early childhood.

Light is a dominant input into the circadian timing system and can alter many aspects of its physiology including the clock\'s timing ([@bib31], [@bib18], [@bib21]). Specifically, research in adults demonstrates that light exposure near habitual bedtime induces a phase delay in an intensity-dependent manner ([@bib59]). This non-linear relationship is such that room light (\~100 lux) produces half the phase shift achieved with bright light (\~9000 lux) ([@bib59]). Data from studies in adults experimentally manipulating the intensity of light in the hours before bedtime further demonstrate the effects of evening indoor light on circadian timing. For example, a field study examining light exposure in the 4 h before bedtime found that adult subjects had later circadian phases after a week of maximizing home lighting (\~65 lux) compared to a week of dim light (\~3 lux) in the hours before bedtime ([@bib10]). Furthermore, another study in young adults aged 18--30 years found that room lighting (\<200 lux) in the 8 h before bedtime suppressed melatonin levels and shortened melatonin duration compared to exposure to dim light (\<3 lux) during this sensitive time window ([@bib25]). Together, these findings demonstrate that even exposure to typical indoor light intensity before bedtime can have profound effects on the circadian timing system of humans. Similar studies examining relationships between evening light exposure and the timing of the circadian clock in preschool-age children are scarce.

Sleep timing in part determines the light/dark cycle experienced by humans, and thus, can indirectly influence circadian phase by 'gating' light exposure. Delayed bedtimes may provide the opportunity for light exposure later in the evening, facilitating a delay in the timing of the circadian clock ([@bib31]). In a relatively large sample of toddlers, we observed a moderate positive relationship between sleep timing and circadian phase, such that later bedtimes were associated with later circadian timing ([@bib33]). This association is consistent with data from adolescents and adults using both observational and experimental approaches ([@bib16], [@bib9], [@bib7], [@bib8], [@bib11], [@bib38], [@bib58]). In order to demonstrate the effect of bedtime on circadian timing, one study manipulated the bedtimes of adult participants while keeping fixed wake times. Results indicated a delay in the melatonin rhythm after subjects had late compared to early bedtimes ([@bib9]). These findings indicate that in addition to evening sleep timing, the intensity of light exposure in the hours before bedtime also impacts the circadian phase of humans.

Considering the wide variability in circadian timing during early childhood and the influence of ambient room light on the circadian system of humans, we examined the degree to which light exposure before bedtime influences the timing of the clock in a field setting. We focus on evening light exposure and bedtime in the present analysis because evening settling problems (i.e., bedtime resistance, delayed sleep onset) are highly prevalent in preschoolers ([@bib37], [@bib6], [@bib3]). Both bedtime and light are also modifiable intervention targets that can be altered to shift circadian timing if desired. We hypothesized that evening light exposure would predict variance in circadian phase over and above bedtime alone in our sample of preschool-age children.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

Twenty-one healthy children (9 females; 20 Caucasian, 1 Multi-Racial) ages 4.5--5.0 years (4.7±0.2 years) participated in the study. Families were recruited from Boulder, CO, USA and immediate surrounding areas via flyers and at community events. Subject screening and exclusionary criteria are described in detail in [@bib33]. Briefly, all children were healthy and normally developing and did not regularly use medications that influence sleep or the circadian system. Parents signed an informed consent form approved by the Institutional Review Board at the University of Colorado Boulder. Families received monetary compensation for completing the study.

2.2. Protocol {#s0020}
-------------

Children participated in a 5-day protocol, where they followed their typical sleep schedule at home for 4 days. Researchers made in-home visits during this interval to train children on providing saliva samples. On the 5^th^ day of the study, subjects participated in a dim light melatonin onset (DLMO) assessment (described below). Children refrained from the consumption of caffeine and medications throughout the duration of the study, and researchers contacted parents daily to ensure compliance with study protocol. Data were collected between September and May excluding the week following daylight saving time changes. Five children completed the study in the Fall, 11 in the Winter months, and 5 in the Spring.

2.3. Measures {#s0025}
-------------

### 2.3.1. Actigraphy and sleep diary {#s0030}

Subjects wore a wrist actigraph (Actiwatch Spectrum, Phillips Respironics, Pittsburg, PA, USA) on their non-dominant wrist throughout the duration of the study to objectively assess the timing of sleep and wakefulness via motor activity. We used our standard methods for reviewing and scoring actigraphy data, as detailed in our previous publications ([@bib33], [@bib5]). Parents completed a daily sleep diary throughout the study in which they recorded information on their child\'s sleep times and when the actigraph was not worn ([@bib1]). We also made daily contact with parents via telephone, text, or email to ensure compliance with study rules.

### 2.3.2. Ambient light exposure {#s0035}

Participants wore a pendant light meter (Dimesimeter, Lighting Research Center, Troy, NY, USA) around their neck during periods of wakefulness for the 4 days before the circadian phase assessment. The device collects continuous lux levels in 1-minute epochs. Parents placed the pendant light meter over all their child\'s clothing facing forward. The device was attached upon awakening in the morning and removed during sleep (i.e. naps and at bedtime) and for baths. If the device was not being worn, parents were instructed to place it face up in the same room (e.g. nightstand for periods of sleep, bathroom counter for bath time) as near as possible to the child. Parents completed a daily light meter diary to document whether or not the device was removed during waking hours and if so where the device was during that time. Additionally, researchers confirmed that the child was wearing the device through daily contacts with parents.

Complete light meter diary data were not available for 3 children; however, these subjects were included in the present analysis based upon daily confirmation from parents that the device was worn. According to the light meter diary, 8 children did not remove the device, 6 children removed the device once, and 4 children removed it twice in the 2 h before bedtime during the 4 nights before the DLMO assessment. Light levels did not differ between children who did (n=8) and did not (n=10) remove the device (*p*=0.83).

### 2.3.3. Salivary DLMO assessment {#s0040}

On the 5th day of the study, children participated in an in-home salivary DLMO assessment ([@bib33]). Researchers created dim light conditions within the home by covering windows with black plastic and using dimmer switches and low wattage bulbs on existing light sources. Children entered dim light conditions of \<10 lux 1 h before the first saliva sample. Children provided saliva samples every 30 min for 6 h ending 1 h after the average bedtime of the 4 preceding days. Saliva samples were obtained by having subjects chew on a dental cotton stick (Henry Schein Inc., Denver, PA, USA) for \~2 min to produce at least 2 mL of saliva. Researchers helped children rinse and clean their mouth as needed after eating at least 15 min before obtaining a saliva sample. Children sat still for 5 min before each saliva sample to control for the effects of posture on melatonin levels. Lux levels were measured in the child\'s angle of gaze at the time of each saliva sample (Extech Instruments, Spring Hill, FL, USA). Saliva samples were centrifuged (LabEssentials Inc., Monroe, GA, USA) and refrigerated in the child\'s home. Following completion of the assessment, samples were immediately transported to the laboratory where they were frozen (−20 C). Radioimmunoassay was used to quantify the amount of melatonin in each saliva sample (ALPCO Diagnostics, Salem, NH, USA). Melatonin assays were performed at Solid Phase Inc. (Portland, ME, USA) and had a minimum detection of 0.2 pg/mL. The intra-assay coefficient was 4.1% and the interassay coefficient was 6.6%.

### 2.3.4. Data processing and analysis {#s0045}

DLMO was computed as the time at which salivary melatonin levels surpassed a 4 pg/mL threshold using linear interpolation ([@bib33], [@bib1], [@bib50], [@bib12], [@bib20]). For the present analysis, we averaged light exposure in the 2 h before actigraphically scored bedtime and then aggregated the data across the 4 nights before the circadian phase assessment. Lux levels in the 2 h before bedtime were averaged using MATLAB (MathWorks, Natick, MA, USA) and were log transformed due to a positively skewed distribution.

One-tailed Pearson correlations were used to (a) confirm the relationship between bedtime and DLMO observed in our previous work ([@bib33]) and (b) assess associations between evening light exposure and DLMO and bedtime. A partial correlation was performed between evening light exposure and DLMO while controlling for bedtime, and a hierarchical linear regression was used to quantify how much variance in DLMO was predicted by bedtime (step 1) and evening light exposure (step 2). All statistical analyses were performed in SPSS Statistics (IBM Corp., Armonk, NY, USA). All descriptive statistics are presented as M±SD.

3. Results {#s0050}
==========

Mean DLMO occurred at 19:22±01:04, bedtime was 20:07±00:46, and light exposure in the 2 h before bedtime across the 4 evenings preceding the circadian phase assessment was 710.1±1418.2 lux. As expected, children with later bedtimes had later circadian phases (*r*=0.61, *p*=0.002; [Fig. 1](#f0005){ref-type="fig"}A). Light exposure before bedtime was not independently associated with DLMO (*r*=0.32, *p*=0.08) or bedtime (*r*=−0.07, *p*=0.38); however, a partial correlation between evening light exposure and DLMO while holding bedtime constant yielded a significant positive association (*r*=0.46, *p*=0.02; [Fig. 1](#f0005){ref-type="fig"}B).Fig. 1Scatterplots of the association between bedtime and DLMO (A) and of evening light exposure and DLMO after controlling for bedtime (B; partial correlation, residuals displayed). Lines show the slope of the regression line.Fig. 1

In a hierarchical linear regression, bedtime explained 37.3% of the variance in the timing of DLMO. Adding evening light exposure to the model accounted for 13.3% more variance in DLMO in addition to bedtime ([Table 1](#t0005){ref-type="table"} and [Fig. 2](#f0010){ref-type="fig"}).Table 1Hierarchical linear regression results.Table 1**StepFactorR**^**2**^**R**^**2**^**ChangeF ChangeSig. F Change**1Bedtime0.370.3711.300.0032Evening Light Exposure0.510.134.850.041Fig. 2Visual depiction of variance in circadian timing predicted by bedtime and evening light exposure (n=21; ages 4.5--5.0 years). Forty-nine percent of the variance in dim light melatonin onset (DLMO) timing was unaccounted for but may be due to additional factors such as genetics, light history, wake time and morning light.Fig. 2

4. Discussion {#s0055}
=============

The results of this field study indicate that the amount of light preschool-age children are exposed to in the 2 h before bedtime predicts variance in circadian phase over and above bedtime alone. Consistent with our previous findings ([@bib33]), we observed a positive association between bedtime and DLMO, such that later bedtimes were associated with later circadian phases. After controlling for bedtime, evening light exposure was associated with DLMO. That is, bedtime predicted 37.3% of the variance in DLMO; however, after adding evening light exposure into the model, we accounted for a total of 50.6% (13.3% more) of the variance in circadian timing. Together, these findings demonstrate an important step in understanding relative importance of two modifiable factors -- bedtimes and light -- that can influence circadian timing in early childhood.

Our findings have implications for understanding how late evening sleep timing may develop and persist during the early childhood years. Evening light exposure and late bedtimes delay the timing of the clock ([@bib31], [@bib59], [@bib9]), thus, chronic exposure to light during the evening hours and late bedtimes together may interact to facilitate the development of a late sleep phenotype early in life. This type of sleep pattern is a significant risk factor for a host of negative health outcomes, including bedtime sleep problems, chronic medical conditions (e.g. obesity, diabetes, depression), poor cognitive function, and mood disorders ([@bib34], [@bib39], [@bib40], [@bib23], [@bib24], [@bib35], [@bib13], [@bib44], [@bib52], [@bib43]). Although early childhood is a sensitive period when poor sleep patterns commonly emerge ([@bib27], [@bib61]), evening light exposure and bedtime are both modifiable factors. Thus, experimental studies that promote an understanding of the effects of evening light exposure and bedtime on circadian timing are a necessary for clinicians to make evidence based recommendations regarding light at night and sleep timing for young children.

Our data suggest that evening light exposure and bedtime are both associated with circadian timing; however, these two factors together accounted for only about half (50.6%) of the variance in melatonin onset time. The remaining variance in circadian timing maybe be influenced by other important variables, including genetics and light history that were not assessed in the present study ([@bib21], [@bib51], [@bib54]). Thus, additional research in this age group that includes a more comprehensive panel of measures is needed to promote a better and more accurate understanding of the relative importance circadian timing determinants.

In addition to delaying the timing of the clock, evening light exposure also causes an immediate suppression of the hormone melatonin ([@bib36]). Naturally, melatonin levels begin to rise in the evening hours before bedtime; however, exposure to light in the early biological night prevents the secretion of this hormone. Considering the diverse role of melatonin in physiological processes such as glucose homeostasis ([@bib42], [@bib22]), thermoregulation ([@bib45]), blood pressure ([@bib49]) and sleep promotion ([@bib60]), chronic suppression of the hormone melatonin likely has negative consequences for overall health and well-being, even in early childhood.

Understanding the effects of evening light on the circadian system in the early years of life is especially important because young children are proposed to be more sensitive to the circadian effects of light than adults. The clear crystalline lens and large pupil size of young children may render them more sensitive to the effects of evening light than adults ([@bib55], [@bib14]). One recent study comparing melatonin suppression in response to light at night found that the percentage of melatonin suppression in school-age children was almost twice that of the adults ([@bib28]). Furthermore, work from our laboratory has shown that 1 h of bright light exposure (\~1000 lux) in the hour before bedtime induces \~90% suppression of melatonin in preschool age children ([@bib2]). The melatonin levels of these preschoolers remained attenuated for up to 50 min after the light stimulus terminated, thus, demonstrating the robust effects of evening light in young children. Together, these findings are important in the context of our previously published data showing that toddlers with later circadian phases exhibited longer sleep onset latencies and more bedtime resistance ([@bib34]). By influencing both the timing and levels of melatonin, we believe that evening light exposure may impair a child\'s physiological readiness for sleep (i.e. settling down after lights-off) and their ability to fall asleep. The high prevalence (\~30%) of evening sleep problems following lights-off time in early childhood ([@bib37], [@bib6], [@bib3]) suggests a critical need for evidence-based recommendations on evening light exposure for children.

Light exposure at night is emerging as a serious health concern ([@bib47], [@bib53], [@bib15]). Before electrical lighting, the light exposure of humans was limited to the hours between dusk and dawn. With the introduction of electrical lighting and light-emitting electronic devices, humans now \"construct\" their own light/dark cycle and extend exposure to light far beyond dusk. This pattern of light/dark exposure influences the melatonin rhythm, which in turn communicates photoperiod length to the rest of the body ([@bib56], [@bib57]). Thus, not only does light exposure at night delay the clock and suppress melatonin, constantly extending light exposure past dusk deceives the body into maintaining a perpetual summer-like photoperiod. These artificial or constructed photoperiods effectively decouple human circadian physiology from the natural 24-h light dark cycle ([@bib19]). A recent study investigating the impact of a constructed light/dark environment on circadian physiology found that subjects had later circadian phases after 1-week of living in a constructed light environment (i.e. freely able to control lights on/lights off times) compared to after 1-week of camping when subjects were strictly exposed to natural light. Additionally, this study found that subjects were exposed to significantly more light after sunset following a week of living in the real world compared to camping ([@bib58]). Studies are needed to understand the effects of living in a chronically extended photoperiod in the early years of life on future health and development.

Certain limitations of the present study are worth noting. First, we studied a relatively small sample size. A larger sample of children would provide the opportunity to more accurately estimate the amount of variance predicted in circadian phase by bedtime and evening light exposure, and studying children longitudinally may provide key insights into developmental changes in evening light sensitivity. Additionally, mean light exposure in the present sample (710.1 lux) is relatively higher than what has been published in adults (e.g. 40--617 lux; ([@bib9], [@bib46], [@bib48]). The latter could be due to children going to bed closer to sunset than adults and thus they may have been exposed to sunlight in the 2 h prior to bedtime. Larger scale studies are necessary to determine whether this relatively high average is representative of evening light exposure for this young age group in this geographical location. Furthermore, only healthy preschoolers were included in this study, thus, our findings may not be generalizable to the general population. Lastly, our observed light exposure and sleep behaviors may have been influenced by the fact that parents knew that we were measuring these variables. Future studies should examine light exposure in relationship with circadian timing in a large community or population based sample.

In summary, this study represents an important step in understanding factors that contribute to the observed wide variability in circadian timing during early childhood. Our findings indicate that evening light exposure is important in predicting a significant portion of the observed variability in circadian timing in this age group. Additional studies are needed to determine the degree to which other factors account for the unexplained variance, including genetics, morning light exposure, wake time, and prior light history. Evidence based recommendations for evening light exposure are critical for promoting healthy sleep and development across early childhood and beyond.
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